Recently reported nuclear spins and moments of neutron-rich Zn isotopes measured at ISOLDE-CERN [C. Wraith et al., Phys. Lett. B 771, 385 (2017)] show an uncommon behavior of the isomeric state in 73 Zn. Additional details relating to the measurement and analysis of the 73m Zn hyperfine structure are addressed here to further support its spin-parity assignment 5/2 + and to estimate its half-life. A systematic investigation of this 5/2 + isomer indicates that significant collectivity appears due to proton/neutron E2 excitations across the proton Z = 28 and neutron N = 50 shell gaps. This is confirmed by the good agreement of the observed quadrupole moments with large scale Monte Carlo shell model calculations. In addition, potential energy surface calculations in combination with T plots reveal a triaxial shape for this isomeric state.
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I. INTRODUCTION
Transitional regions of the nuclear chart often attract significant interest. They usually bridge several different aspects of nuclear structure, such as single-particle properties, configuration mixing, nucleon-nucleon (NN) correlations, as well as collective behavior. One region lying "northeast" of 68 Ni, where structural changes occur suddenly, has been the subject of extensive experimental and theoretical investigations in recent years. A subshell closure effect at N = 40 was long suggested in Ni from the experimentally observed high-lying first 2 + level and a local minimum in the B(E2; 0 + → 2 + ) value in 68 Ni [1, 2] . High-precision mass measurements revealed evidence for only a very weak subshell closure at 68 Ni, which disappears quickly when moving away from Z = 28 [3, 4] . Collectivity effects appear with only two neutrons/protons above N = 40, Z = 28, and a maximum is found at N = 42 in the even-even systems (Zn, Ge, and Se) as indicated by B(E2; 0 + → 2 + ) and E(2 + ) measurements [5] [6] [7] [8] . Various nuclear shapes are also found in this region, in particular for Ge and Se isotopes, such as the well-known shape coexistence and triaxial shapes [9] [10] [11] . An unusual triaxial shape has also been proposed for 72 Zn [12, 13] .
Measurements of ground state properties from laser spectroscopy have also provided considerable nuclear structure information in this region [14] [15] [16] [17] [18] [19] . With one proton above Z = 28, a study of Cu isotopes revealed a primarily single-particle nature and a weak "magic" behavior around N = 40 from the spins, moments, and charge radii, but also showed a nonnegligible contribution from NN correlations and cross-shell excitations [14, 16, 17] . In contrast, with two and three protons above Z = 28, the collective behavior above N > 40 is significantly enhanced in the Zn and Ga isotopic chains, as indicated by their measured quadrupole moments [15, 19] . It was concluded in Ref. [19] that Zn isotopes are considered + isomer peaks (b1) labeled with diamonds. In (3), the measurement period is extended to 100 ms (of ten 10 ms cycles), which reduces the isomeric count rate relative to the ground state (b2).
to lie within a transitional region between spherical Ni and deformed Ge nuclei.
In recent laser spectroscopy studies on neutron-rich Zn isotopes ( 69-79 Zn), several earlier observed isomeric states were identified in all odd-Zn isotopes, and spins and parities could be unambiguously assigned [19] . However, no evidence was seen for a long-lived (5.8 s) isomeric state in 73 Zn, which had been proposed to exist in 73 Zn, from a β-decay study on a cocktail beam of A = 73 isotopes [20] . Such a long-lived isomer was not seen, however, in the β decay of a 73 Cu beam produced in projectile fragmentation [21] . The latter work proposed a 13 ms isomeric state to exist in 73 Zn with a tentative spin-parity assignment of 5/2 + at 195 keV. The lifetime and decay energy of this isomeric state were also confirmed in a recent β-decay study of a 73 Zn beam produced via laser ionization [22] . Thus, the existence of a 5.8 s isomer and its decaying transitions remains unconfirmed.
In this article, additional information for the laser spectroscopy measurement and for the analysis of 73g,m Zn is provided to estimate the half-life of the observed isomer and to firmly assign spin 5/2 and positive parity. We also want to establish or to eliminate simultaneously the possible existence of an additional long-lived isomer, having a 5.8 s half-life. The magnetic and quadrupole moments of the 5/2 + isomeric state were reported in our prior work [19] , where the results were compared to large scale shell model calculations with different effective interactions. Here we provide further analysis of the wave function of the isomeric state obtained through shell model calculations [23, 24] with two effective interactions. We also present potential energy surface (PES) calculations and T plots [24, 25] , giving insight into the shape of the isomer and other states in this region.
II. EXPERIMENTAL DETAILS
The experiment was performed at the collinear laser spectroscopy (COLLAPS) setup [26] at CERN-ISOLDE, as detailed in earlier publications [18, 19] . The Zn isotopes were produced by impinging 1.4-GeV protons onto a neutron converter [27] of a UC x target, laser resonantly ionized by the resonant ionization laser-ion source [28] , and accelerated up to 30 keV. The ions of interest were cooled and bunched in a gas-filled radio-frequency quadrupole (ISCOOL) [29] after mass separation by the high-resolution separator (HRS), and then delivered into the COLLAPS setup. After a charge exchange process with Na vapor, the neutralized Zn atoms were resonantly excited by a cw frequency-doubled Ti:sapphire laser with the wavelength matching the 4s4p 3 P 2 → 4s5s 3 S 1 transition. A tuning voltage applied to the charge exchange cell was used to Doppler shift the laser frequency over the range of the hyperfine resonances of Zn atoms. The emitted fluorescence photons from the laser excited atoms were recorded by four photomultiplier tubes as a function of the scanning voltage to obtain the hyperfine structure (HFS) spectra of the Zn isotopes. More detailed descriptions of the experimental setup and measurement method can be found in [19] , which discusses the nuclear spins, magnetic moments and quadrupole moments of [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] Zn isotopes. Here we focus on the HFS measurement process for the 73 Zn isotope, where we used three different measurement procedures to distinguish the presence of isomeric states with different lifetimes. Thanks to the relatively fast release [30] of Zn from the target [red curve in Fig. 1(a) ], a total measurement time after each proton pulse (every 1.2 s) could be limited to 400 ms. The laser-ionized mass A = 73 beam was accumulated in the ISCOOL buncher for 100 ms and released in a few microseconds, a process that was repeated four consecutive times after each proton pulse; see Fig. 1 (a). Under this measurement condition, the typical hyperfine spectrum (HFS) obtained for 73 Zn is shown in the small inset of Fig. 1(b1) . Three resonances were observed in a total measurement range of >5 GHz, confirming a nuclear spin of I = 1/2 for the ground state (T 1/2 = 23.5 s [31] with higher spin as proposed in [20] was not observed in the current spectrum, indicating that it does not exist or is not populated with this reaction in the target. However, since positive parity high-spin states in 69,71,75,77,79 Zn were easily observed under the same experimental conditions [18, 19] , we conclude that there is no evidence of a 5.8 s isomeric state in 73 Zn. To be able to observe any short-lived isomer and enhance the total production of 73 Zn, the 1.4-GeV proton beam was switched to impinge directly on the UC x target instead of a neutron converter. To enhance the resonance signal of a short-lived isomer relative to the ground state, the measurement period was reduced to only 20 ms following each proton pulse, consisting of 2 accumulation cycles of 10 ms each in ISCOOL [timing (2) in Fig. 1(a) ]. Additional new resonances [ Fig. 1 (b1)] were observed by using these particular settings, confirming the existence of a short-lived isomer. By extending the measurement time to 100 ms after the proton pulse, as shown with timing (3) in Fig. 1(a) , the relative intensity of the highest peak for the isomer is reduced by a factor of 5 compared to that of the ground state, as shown in Fig. 1(b2) . This confirms the isomer half-life to be of the order of 10 ms, thus consistent with the isomer observed in the previous studies [21, 22] .
The HFS of the 73m Zn was carefully analyzed by using a χ 2 -minimization technique (commonly used for HFS analysis [32] ) with different assumptions of the isomeric spin, but only spin 5/2 can reproduce all resonance peaks with a reasonable reduced χ 2 (∼1.04). The HFS constants, A, B, for both 4s4p 3 P 2 and 4s5s 3 S 1 states can be obtained from this analysis procedure, as explained in [19] . To further support the spin assignment, we verified the ratio of the magnetic HFS constant for the two atomic states, R = A( 3 S 1 )/A( 3 P 2 ), with different spin assumptions (I = 3/2,5/2,7/2). If a correct spin is assumed, then R should be a constant over the entire isotopic chain (neglecting a possible small hyperfine anomaly). As shown in Fig. 2 , only with the spin 5/2 assumption is the R value consistent with those from the other isotopes, thus establishing firmly a spin 5/2 assignment to 73m Zn [19] . The positive parity has already been confirmed by the reported magnetic moment [19] . 
III. INTERPRETATIONS OF EXPERIMENTAL QUADRUPOLE MOMENTS
Some of the experimental spins and quadrupole moments for neutron-rich Zn isotopes are summarized in Table I . As discussed in [19] , all ground and isomeric state magnetic and quadrupole moments can be explained as being due to one or more unpaired neutrons in one particular orbital, except for the moments of 73m Zn. In a simple shell model picture, as the neutrons fill the νg 9/2 orbit, an unpaired neutron results in a spin of 9/2 + , and possibly spins 7/2 + or 5/2 + can be obtained from a seniority-3 configuration [33] . Therefore, the g factor of these states should follow the effective g factor of neutrons in a νg 9/2 orbit, which is indeed true for all high-spin isotopes/isomers except for the 5/2 + isomer of 73 Zn. Similarly, the quadrupole moments of 9/2 + and 7/2 + states can be easily accounted for by a standard calculation with seniorities 1 and 3 for one and three unpaired particles in the νg 9/2 orbit, while the 5/2 + isomer reveals a significantly larger positive value contrary to the expected small positive quadrupole moment for seniority 3 (ν1g 9/2 ) 3 I =5/2 + (see Fig. 3 ). 
A. Tracking the source of collectivity
Shell model calculations using two different effective shellmodel interactions, JUN45 in a proton/neutron pf 5/2 g 9/2 model space and A3DA-m in a fpg 9/2 d 5/2 model space, as shown in Fig. 4(a) , were used to investigate the spins and the magnetic and quadrupole moments of 69-79 Zn [19] . While overall the agreement between calculated and experimental quadrupole moments is better with the A3DA-m interaction (Table I) , the large quadrupole moment of the 73 Zn isomer is only reproduced by using the A3DA-m interaction, which includes proton and neutron excitations across Z = 28 and N = 50 (Fig. 3) . These calculations also provide the proton/neutron occupancies in different orbits of the entire model space, as shown in Fig. 4(b) . Note that the occupations of proton and neutrons are normalized to the total allowed occupancy [14] and in the Ga (Z = 31) isotopes it occurs between N = 47 and N = 49 ( 79 Ga) [15] . This is attributed to the monopole effect of the tensor force, first proposed by Otsuka et al. [34, 35] . For the JUN45 calculations, a gradual increase of the neutron occupations in all neutron orbits is observed as neutrons are added to the g 9/2 orbit.
Calculations using A3DA-m show a sudden decrease in the neutron f 5/2 and p 1/2 occupation probabilities at mass 73, in favor of an increase in the neutron d 5/2 occupation. At the same time, a decrease in the proton f 7/2 occupation is seen. The sudden change in the proton f 7/2 and neutron d 5/2 occupations in the 73 Zn isomeric wave function is needed to reproduce the large observed quadrupole moment. It illustrates that in 73m Zn a certain degree of proton excitations across the closed Z = 28 shell and neutron excitations across the N = 50 shell gaps are important. This was also observed recently in the neutron-rich Cu isotopes via mass and moment measurements [17, 36] . The most noteworthy conclusion from Fig. 4(b) is the overall "kink" in the proton and neutron level occupations at N = 43, corresponding to the 5/2 + isomer of 73 Zn. It indicates a significantly enhanced admixture in the wave function of the 5/2 + state. This observation is consistent with the earlier observed enhanced collectivity around N = 42 in the even-even Zn, Ge, and Se isotopes [5] [6] [7] [8] 12 ].
As mentioned above and illustrated in Fig. 3 , a small positive value is expected for the quadrupole moment of the 5/2 + state from a simple calculation of seniority 3 (green dashed line), while calculations with the JUN45 interaction and especially with the A3DA-m interaction predict a large positive quadrupole moment, much closer to the experimental result. A further investigation under different shell model truncations illustrates that the large positive quadrupole moment can only be obtained when E2 excitations of both protons and neutrons are allowed [as marked with the open arrows in Fig. 4(a) ]. From this perspective, a larger quadrupole moment will be expected naturally from the shell model calculation in a large model space by using the A3DA-m interaction. Figure 4(b) shows that both proton excitation across Z = 28 and neutron excitation across N = 50 (both of E2 type) are indeed enhanced for the case of the 5/2 + state of 73 Zn. As a results, the A3DA-m calculation shows an excellent agreement with the experimental value for the abnormally large quadrupole moment of the 5/2 + state in 73 Zn (See Fig. 3 and Table I ). Another notable feature of Fig. 3 is that, for the 7/2 + and 9/2 + states in 73 Zn, the predictions using the JUN45 interaction (open symbols) match nicely the trend from seniorities 1 and 3 (dashed lines). However, with A3DA-m interaction, only the calculated 9/2 + quadrupole moment follows approximately the trend for seniority 1, while the calculated quadrupole moment for the 7/2 + deviates significantly from the seniority-3 trend line, as well as that for 5/2 + state in 73 Zn. An explanation for this is given in the next paragraph, based on a T-plot analysis.
B. Triaxial shape
As the A3DA-m interaction in the Monte Carlo shell model (MCSM) framework nicely reproduces the experimental quadrupole moments of the high-spin states in 71-79 Zn (Fig. 3) , and especially that of 73m Zn, it makes sense to investigate further the shapes of these different states by using the T plot, which is a method to analyze the MCSM wave function, as detailed in Refs. [24, 25] . By using the the intrinsic quadrupole moments, Q 0 ∝ 2z 2 − x 2 − y 2 and Q 2 ∝ x 2 − y 2 , can be calculated. Each basis vector can then be identified by a circle on the potential energy surface (PES), where the intrinsic quadrupole moments are the coordinates, as shown in Fig. 5 . The sizes of the circles reflect the overlap probability of each MCSM basis vector with the eigenstate, and thus depicts the importance of each basis vector in the total wave function. In other words, the size of the circle on the PES visualizes the shape information of the MCSM basis vector and its importance for a given eigenstate, while the distribution of the circles represents the distribution of MCSM basis vectors indicating the intrinsic quadrupole moments of a given state. Therefore, by using the T-plot method, the intrinsic shape of a given state can be easily determined by analyzing the distribution and size of MCSM basis states (circles on the PES).
In the upper row of Fig. 5 , we compare the T plot for the 5/2 + state in 73 Zn to that of the high-spin states in 71,75 Zn. The MCSM basis vectors of the 9/2 + isomeric state of 71 Zn, with one single neutron in the νg 9/2 orbit, are distributed around a limited region of spherical shape. This is consistent with its single-particle nature, as confirmed from its g factor and quadrupole moment [19] . With an additional four neutrons added to the νg 9/2 orbit, a moderately prolate shape is suggested for the 7/2 + state in 75 Zn, consistent with the measured positive quadrupole moment for this seniority-3 configuration. As for the 5/2 + state in 73 Zn, the MCSM basis vectors are depicted with relatively large circles and are all concentrated on an energy minimum at γ ∼ 30
• , indicating a triaxial shape for this state.
It is also worth verifying the shapes of the first 0 + , 2 + , 4 + states in the adjacent even-even isotopes ( 72,74 Zn), as triaxiality is also proposed for 72 Zn by Coulomb excitation and reaction experiments [12, 13] . Indeed, triaxiality is most pronounced in the 4 + state in 72 Zn, while the diffused MCSM basis vectors in the other levels point to shape fluctuations.
Although it has been the subject of numerous experimental investigations in this region, detailed spectroscopic information for the mid-shell isotope 73 Zn remains inconclusive [20] [21] [22] 37] . Here, we may further compare available states of 73 Zn with those calculated using the shell model. Figure 6(a) summarizes the very limited experimental information (energies, spins, and parities) and the corresponding states predicted by the MCSM using the A3DA-m interaction. Within the typical uncertainty for the energy as calculated by the shell model (about a few 100 keV), the A3DA-m interaction provides the correct order of long-lived states in 73 Zn. Note that, as discussed in [19] , the JUN45 shell model interaction cannot predict the correct order of ground and isomeric states for 73 Zn. Furthermore, the possible shapes of all given states in 73 Zn can be investigated by using the T plot obtained from MCSM calculations, as seen in Fig. 6(b Fig. 3 .
Triaxiality has been the subject of investigation in the nearby isotopic chains of Ge and Se [38] [39] [40] [41] , and is also suggested for adjacent even-even 72 Zn [12, 13] , although it has not previously been known to exist in 73 Zn. Experimental evidence for triaxial deformation is usually provided by γ -ray spectroscopy, as in the even-even isotopes 74 [43, 44] . These isotopes happen to lie within a region of shape transition around N = 60, which has been confirmed by a sudden increase of collectivity, as concluded from complementary observables [radii, S 2n , E(2 + )] and theoretical predictions [25, [45] [46] [47] . However, a detailed analysis of the level schemes in the Y and Nb isotopes and theoretical analysis of other isotopes in the region also point to triaxiality in the Tc and Rh isotopes [48] , which seems to be similar to nuclei near N ≈ 43. It is essential to have further experimental and theoretical investigations in these regions, such as laser spectroscopy measurements of Ge, Se, and Tc isotopes, to pin down the connection between the deformation and triaxiality, and to eventually have a better understanding of the shape of the 5/2 + isomer in 73 Zn.
IV. SUMMARY
Additional experimental information relating to our 73 Zn hyperfine structure measurement [19] was presented here. The half-life of the observed isomeric state with a firm spin-parity assignment, 5/2 + , is estimated to be of the order of 10 ms, and we have seen no evidence of a controversial long-lived (5.8 s)
isomer under conditions where we would expect to clearly see it. Our non observation of this state is consistent with the conclusion from the recent measurement of the beta-decay of 73 Zn [21] and also with the earlier β-decay study of 73 Cu to 73 Zn [22] . The recently reported abnormally large quadrupole moment for 73 Zn [19] was reinvestigated by using shell model calculations with the JUN45 and A3DA-m interactions, and by a T-plot analysis which reveals a triaxial shape of the state. From the evolution of the orbital occupancies in the high-spin Zn states, an indispensable contribution of the E2-type excitation of both protons and neutrons in 73m Zn has been identified as the major reason for the large experimental quadrupole moment. This is further highlighted by the improved agreement observed with the A3DA-m shell model interaction, where additional proton excitations across the Z = 28 closed shell and neutron excitations across the N = 50 closed shell (E2-type excitations) occur. A T-plot analysis of the isomeric state in 73 Zn, calculated from the MCSM basis states, suggests a triaxial shape for the 5/2 + state in 73 Zn. A systematic comparison with the adjacent even-and odd-A 71-75 Zn isotopes shows that triaxial shapes also exist in the even-A 72,74 Zn, but not in the odd-A 71,75 Zn. Such triaxial deformations are already well known in the heavier even-even isotopes of Ge and Se in the same region, and are suggested in the region near Z = 43, where three quasiparticles in the g 9/2 orbit can construct a 5/2 + state. More experimental and theoretical investigations of the N = 43 and Z = 43 regions are necessary, such as laser spectroscopy studies of the nearby Ge and Se isotopes and also the analogical Z = 43 (Tc) isotopes, for a better understanding of the abnormally large deformation and the related triaxiality.
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